Background: Subtyping achalasia by high-resolution manometry (HRM) is clinically rel-
| BACKGROUND
Esophageal achalasia is characterized by the failure of the lower esophageal sphincter (LES) to completely relax with swallowing in combination with aperistalsis in the smooth muscle esophagus. 1 Presenting symptoms may include dysphagia, regurgitation and/or vomiting, malnutrition, and failure to thrive. [2] [3] [4] The introduction of high-resolution manometry (HRM) has allowed for better characterization of esophageal motor function and uniform consensus of esophageal motility disorders. [5] [6] [7] Although both clinical and radiological findings can suggest achalasia, HRM is currently considered the gold standard for diagnosis and subtyping of achalasia. 8, 9 Based on HRM, the Chicago Classification V3.0 (CC) of esophageal motility disorders has defined three subtypes of achalasia, differentiated by the patterns of non-peristaltic esophageal pressurization accompanying abnormal relaxation pressure at the LES: type I (classic achalasia), type II (panesophageal pressurization), and type III (spastic achalasia). 9 Since the CC was not validated in or created for the pediatric population, its implementation in pediatric HRM studies has been challenging. 10 In addition, manometric recordings from children may be harder to interpret due to a higher likelihood of multiple swallowing and artifacts due to body movement and crying. [11] [12] [13] A recent study on the inter-and intrarater agreement (reliability) of the CC diagnosis of pediatric HRM recordings found high levels of agreement overall, while the diagnosis of achalasia subtypes appeared to be particularly challenging, even among raters considered to be experts on HRM analysis. However, that study focused on the broad application of the CC in children and only included a limited number of achalasia patients. 14 A study in adults showed excellent reliability of differentiating achalasia from non-achalasia, while reliability of subtyping achalasia appeared to show more variability, specifically regarding types I and II. 15 Subtyping is not merely academic. Accumulated evidence in adult patients uniformly showed the highest treatment success rates in patients with achalasia type II and worst response in patients with type III achalasia. [16] [17] [18] [19] [20] Whether this subtyping has the same prognostic value in children is not known but the first step in understanding this is to identify if CC categorization is accurate and reproducible in children. [16] [17] [18] [19] [20] Therefore, the primary aim of this study was to assess the inter-and intraobserver reliability of interactive CC analysis software applied to HRM studies among specialists for the differentiation of non-achalasia from achalasia and its subtypes in a pediatric cohort.
| METHODS

| Study database
Combined high-resolution impedance and manometry measure- • In this study, we found very good to excellent intra-and interrater reliability for diagnosing achalasia by HRM and the Chicago Classification (CC) when the results of automated analysis software were interpreted by experienced observers.
• However, more variability was seen when relying on the software-driven diagnosis and for subtyping achalasia, indicating a need of improved HRM criteria for achalasia subtyping in children.
were included to assure that the raters could differentiate achalasia from non-achalasia cases and to eliminate the expectation bias that all cases were achalasia. Non-achalasia cases consisted of a distribution of normal motility (n=11, 61%) as well as the other primary major motor disorders that may have achalasia-like features. These included esophagogastric junction outflow obstruction (EGJOO; n=3, 17%), frequent failed peristalsis (n=2, 11%), and absent peristalsis (n=2, 11%).
At the time of initial investigation, all patients were enrolled in study protocols that were approved by the local research ethics committees.
| Data analysis
Each rater was provided with reference literature regarding the assessment of esophageal motility based on the CC V3.0. 7, 9 For this study, the adult cut-off criteria of the CC were used. All raters viewed an introduc- To assess intrarater reliability, each rater analyzed the dataset twice, with at least 7 days between repeat analyses. All raters were blinded to the diagnosis of the patients, and all studies were deidentified. Also to avoid the potential for sequence bias, the order of studies was randomized between raters and between repeat analyses.
Raters were instructed to manually place or adjust the automatically An overall CC diagnosis per study was automatically generated by the software based on these metrics. In addition to the software-based CC diagnosis, raters were asked to provide their own interpretation of the manometric patterns and change the software-driven diagnosis accordingly if considered applicable.
| Statistical analysis
Data were analyzed using IBM SPSS Statistics 20 (Chicago, IL, USA).
For categorical data, inter-and intrarater reliability was calculated using Cohen's κ (2 raters, kappa further annotated as κ) and Fleiss' κ (> 2 raters). For ordinal data, the intraclass correlation coefficient (ICC) was used. The first session of analysis was used to determine interrater reliability. We additionally calculated interrater reliability for the second session to compare reliability between the two sessions. 
| Sample size estimate
The primary goal of this study was to evaluate the levels of reliability between and within observers using the kappa statistic. The sample size was constrained by the fact that we chose to select a set of studies from three combined databases without replacements. Based on these constraints, we estimated the sample size based on the assumption that the null hypothesis for kappa would be no better than 
| RESULTS
Five raters completed the analysis of the study database twice. The mean time that elapsed between the first and second analyses was 65.2±59.7 days (range: 7-146 days). Of the 18 non-achalasia cases in the database, one patient (initial diagnosis absent contractility) was allocated an achalasia diagnosis (type II) by four of the six observers.
Of the 22 achalasia cases in the database, six cases were diagnosed as non-achalasia based on the results of the dedicated analysis software only by at least one of the observers. When observers were allowed to change the software-driven diagnosis according to their interpretation of the manometric pattern, all 22 achalasia cases were recognized as achalasia by the observers.
| Intra-and interrater reliability of softwaregenerated and subjective CC diagnosis
Based on the results of the dedicated analysis software only, intraand interrater reliability were excellent and moderate (κ=0.89 and κ=0.52, respectively) for differentiating achalasia from non-achalasia cases (Table 1) . For subtyping achalasia, reliability decreased to substantial and fair (κ=0.72 and κ=0.28, respectively).
T A B L E 1 Intra-and interrater reliability for diagnosing and subtyping achalasia The software-generated diagnosis was changed according to the observers' own interpretation of the manometric pattern in 15.4% of the total number of analyzed studies. Overall, change of the softwaregenerated diagnosis did not differ between achalasia (13.4%) or nonachalasia cases (16.7%). In 17 patients, at least one observer decided to change the software-generated diagnosis according to his or her own interpretation (Table 2 ). Based on the observers' interpretation, intra-and interrater reliability increased for both diagnosing achalasia (κ=0.98 and κ=0.92, respectively) and for subtyping achalasia (κ=0.79 and κ=0.58, respectively).
| Intra-and interrater reliability of softwarederived EPT metrics
The mean Cohen's k statistics for intra-and interrater reliability of the software-derived EPT metrics between two sessions are shown in The parameters involved in subtyping achalasia cases (IBP and DL to, respectively, determine panesophageal pressurization and spasm)
showed more variability (Tables 3 and 4) .
| DISCUSSION
This study is the first on the reliability of diagnosing and subtyping achalasia in pediatric patients based on HRM criteria. Based on software-derived diagnosis, we found moderate to excellent reliability for differentiating achalasia from non-achalasia cases, while for subtyping achalasia, reliability decreased. In addition to the initial software-generated diagnosis, we incorporated results on the observers' own interpretation of the manometric patterns and found reliability of both diagnosing and subtyping achalasia to be higher for the observers' interpretations when compared with the softwaregenerated diagnoses. This suggests that experienced observers may be more likely to rely on pattern recognition, rather than on the results T A B L E 2 Overview of changes of the software-generated diagnosis based on the observers' interpretation of the manometric pattern of automated analysis only. The findings of our study support the clinical utility of HRM in the objective CC-based diagnosis of achalasia in pediatric patients. However, as achalasia is a chronic disease without cure, it also stresses the importance of careful review of the motility studies by an expert before a final diagnosis of achalasia and most importantly before a subtype classification is made. Differences between software and subjective diagnosis might even be more substantial in clinical practice due to awareness of patients' clinical history.
We retrospectively analyzed those studies that were allocated a different diagnosis when based on the observers' interpretation of the manometric pattern, rather than on the software-generated results only. The cases that observers decided to change the initial softwaredriven diagnosis of non-achalasia to achalasia were EGJ outflow obstruction, absent peristalsis, or normal motility. In line with the findings of our earlier study, this shows that observers tended to ignore the software-generated IRP4s value below the cut-off of 15 mm Hg to draw a final conclusion of achalasia ( Figure 1A ; patient 2 in Table 2 ). 14 Earlier adult studies reported issues regarding an optimal panesophageal pressurization cut-off value to define esophageal compression resulting in EGJ outflow obstruction in type II achalasia. periods of panesophageal pressurizations. 9, 24 In an attempt to overcome the limitations of the CC in diagnosing and subtyping achalasia, a new approach has been developed whereby the duration of trans-EGJ-flow can be accurately estimated based on integrated pressureimpedance criteria using high-resolution impedance manometry. [25] [26] [27] In adult achalasia patients, trans-EGJ-bolus flow time (BFT) was significantly lower in patients with achalasia types I and II when compared with type III. 26 However, further studies are needed to explore the potential role of these novel parameters in diagnosing and subtyping achalasia in both adults and children.
One of the strengths of our study is that we tested reproducibility of CC-based diagnosis of pediatric HRM recordings in a large cohort of patients by experienced observers from four large academic referral centers worldwide. Patient studies were selected in such a way that distribution of the studies in the database matched the proportion of achalasia subtype as reported, and all patients were very well characterized clinically. 21 Additionally, we included non-achalasia cases to eliminate the expectation bias that all cases were achalasia, as well as the bias related to raters attempted to guess between classifications.
This study also has some limitations. Intrarater reliability was assessed after a minimum of 7 days, which could be considered short and may have resulted in observers recognizing some of the tracing from the initial session, although the mean time when the repeat measurements were done was more than 2 months and ranged from 7 days to almost 5 months. A second limitation may be that observers were instructed to delete metrics from analysis if considered inapplicable to a swallow, which is inherent to the use of automated analysis software for the evaluation of esophageal motor disorders characterized by the absence of a [normal] peristaltic contraction pattern. This approach influenced statistical analysis of these particular EPT metrics, as patient studies were pairwise excluded from analysis when metrics were not uniformly obtained. Additionally, one of the observers did not provide a final or uniform diagnosis on the scoring sheet in some cases, which also resulted in pairwise exclusion of these studies.
In conclusion, applying the CC to children that have undergone HRM is reliable to distinguish achalasia from non-achalasia patients.
We found high intra-and interrater agreement for differentiating achalasia from non-achalasia patients using HRM and the CC when results of automated analysis software were interpreted by experienced ). The IRP4s box should be spanning a 10-second time frame; however, this time-frame was adjusted by some observers as illustrated in this swallow. This patient was allocated a software-generated diagnosis of either absent contractility (n=3 observers) or Achalasia Type II (n=3 observers). The manometric pattern was interpreted as either Achalasia Type I or Achalasia Type II (n=3 observers each). In other patients, differences in IRP4s values were related to placement of the swallow onset and/or the gastric pressure marker. B, Example of different placement of CDP by two independent observers. 
